Prosopis juliflora, a widely available perennial plant can be an alternative source to sugar-containing feedstock, which can be considered as a prospective lignocellulosic material for bioethanol production. In the present study, bark of Prosopis juliflora was subjected to hydrothermal coupled with nitric acid pre-treatment (3%(v/v)) followed by sonication. The composition of cellulose, hemicellulose, lignin, reducing sugars and inhibitors at each stage of pre-treatment were analysed. Further, delignified lignocellulosic biomass was subjected to Simultaneous Saccharification and Fermentation (SSF) studies using Kluyveromyces marxianus (MTCC 1389) and commercial cellulase enzyme. The effect of operating parameters such as pH, temperature, substrate concentration and inoculum concentration were investigated and found to be 4.9, 41 o C, 3% v/v and 5% w/v respectively. The maximum bioethanol concentration achieved by fermentation of woody stem Prosopis juliflora using the yeast was found to be 21.45g/l.
Currently, the field of biofuel production has received large incentives mainly due to the escalating prices of crude oil, depletion of fossil fuels and alarming rise of greenhouse gases 1 . Among the biofuels, bio-ethanol has gained substantial interest as it provides energy security, decreases the carbon emissions and acts as closed carbon cycle. Usage of ethanol as an additive can decrease the fuel cost, it also increases octane rating and decreases harmful emissions while burning 2 . Second generation biofuel production from lignocellulosic materials is considered to be a promising resource when compared to starch or sugar based biomass for it is non edible and available abundantly 3 . Basically, bio-ethanol production is carried out by four stage processes which comprises of pre-treatment, Simultaneous Saccharification and Fermentation, distillation and product purification. Lignocellulosic materials such as agro biomass are being considered as prospective renewable sources for bio-ethanol production, since they contain large magnitudes of potentially fermentable sugars. The chief structural components of lignocellulosic biomass include cellulose, hemicelluloses, and lignin 4 . Prosopis juliflora, a lignocellulosic biomass belonging to Leguminaceae (Fabaceae) is neither a tree nor shrub sized woody perennial plant. It is found mostly in the dry regions of India, Saudi Arabia and USA. The plant rises to a height of 3-15 metres depending on genetic variations and other environmental factors, but under favourable environmental conditions some may reach up to 20 m. The carbohydrate content in this bark of Prosopis juliflora was found to be 67.40 ± 1.6% that proves to be a suitable substrate for bioethanol production 5 . The strategy behind pre-treatment has been observed as one of the most lucrative step for the conversion of lignocellulosic biomass to fermentable sugars. Auto-hydrolysis enhances the crystallinity of cellulose and hence there is an indication that delignification is been stimulated. On the other hand, acid pre-treatment involves the utilization of strong acids like hydrochloric acid, sulfuric acid and nitric acid which eliminates hemicellulose components, gives higher reaction rate and exposes cellulose for enzymatic hydrolysis 6 . The production of bioethanol is carried out by two major processes namely, Separate Hydrolysis and Fermentation (SHF) and Simultaneous Saccharification and Fermentation (SSF). SSF is considered to be a better approach since it offers various benefits like diminished product inhibition, restricted operational costs and reduced contamination risks 7 . Apart from economical advantages, SSF suffers a serious problem which is the difference in the temperature optima of cellulase enzyme and fermenting organism 8 . Fermentable sugars are obtained from delignified biomasses by enzymatic processes where complex polysaccharides are transformed into simple monomers which involve less energy and mild environmental conditions. Enzymatic hydrolysis is carried out by cellulase enzyme which are highly specific towards the substrate. Tricoderma sp. is one among the most studied well studied cellulase producing fungal organism 9 . The quantity of cellulase can be increased up to a certain extent which would enhance the yield of glucose and rate of hydrolysis simultaneously increasing the production cost. Cellulase dosage could be varied from 7 to 33 FPU/g substrate depending on type and concentration of lignocellulosic biomass used. Generally, 10-15 FPU/g substrate is used for attainment of increased level of glucose yield in a reasonable time (48-60 hours). The role of surfactant (Tween 80) during hydrolysis is its capability of altering the surface property of cellulose thereby reducing the irreversible binding of enzyme with cellulose 10 . In the present study, bark of Prosopis juliflora was subjected to hydrothermal coupled with nitric acid pre-treatment (3%(v/v) followed by sonication and the composition of cellulose, hemicellulose, lignin, reducing sugars and inhibitors at each stage of pre-treatment were analysed. Further, Simultaneous Saccharification and Fermentation (SSF) studies was carried out using Kluyveromyces marxianus (MTCC 1389) and commercial cellulase along with delignified lignocellulosic biomass. The effect of operating parameters such as pH, temperature, substrate concentration and inoculum volume were investigated. The maximum bioethanol concentration achieved by fermentation of woody stem Prosopis juliflora using the yeast was found.
MATERIALS AND METHODS

Collection and analysis of lignocellulosic biomass
The woody stem of Prosopis juliflora was obtained from Melmalaiyanur village, Tiruvannamalai district, Tamilnadu, India. The size reduction of feed stock was done by chipping followed by milling in a knife mill. The powdered material was washed with tap water and dried overnight at 60°C. The composition of the biomass was analysed for holocellulose and lignin content.
Pre-treatment Sequential treatment of woody stem Prosopis juliflora
The air-dried dust free woody substrate was subjected to steam in an autoclave at 121°C, 15 psi for one-hour residence time and further dried overnight at 60°C. After hydrothermal treatment, the dried sample was exposed to nitric acid (3% (v/v)) with solid to liquid ratio of 1:10 at 70°C for one hour in a heating mantle. The contents were filtered using double layered muslin cloth and the hydrolysate was washed with tap water to attain a neutral pH. The left over residue was dried to constant weight and later subjected to sonication.
The auto hydrolysed and acid treated samples with distilled water was taken in a solid to liquid ratio of 1:10 (w/v) placed in glass flask. Ultrasound treatment was given at a frequency of 40 KHz, chamber temperature of 60°C for 5 min (Model: Sonics vibra cell, power 500 W, processor: 750 W, VCX series). Combination of treatment (auto-hydrolysis and acid) followed by sonication of woody stem
Prosopis juliflora
The air dried dust free woody substrate is taken along with nitric acid (3%(v/v)) with solid to liquid ratio of 1:10 and placed in autoclave for one hour at 121°C, 15 psi. The contents were filtered using double layered muslin cloth and the hydrolysate was washed with tap water to attain a neutral pH. The left over residue was dried to constant weight and later subjected to sonication. The auto hydrolysed and acid treated samples with distilled water was taken in a solid to liquid ratio of 1:10 (w/v) placed in glass flask. Ultrasound treatment was given at a frequency of 40 KHz, chamber temperature of 60°C for 5 min (Model: Sonics vibra cell, power 500 W, processor: 750 W, VCX series).
Micro-organism and culture conditions
Kluyveromyces marxianus (MTCC 1389) was procured from IMTECH, Chandigarh and was maintained in agar slopes containing (g/l): Glucose 10, yeast extract 3, Malt extract 3, Peptone 5, Agar 20, distilled water, pH was adjusted to 7.0 and temperature was maintained at 25°C. Inoculum Preparation was carried out using (w/v): Glucose 5, yeast extract 0.5, Peptone 0.5, potassium dihydrogen phosphate 0.1, distilled water and pH was adjusted to 7.0 and temperature was maintained at 25°C.
Enzyme and surfactant
Commercial cellulase from Trichoderma reesei (ATCC 26921), Tween 80 and sodium azide where procured from HIMEDIA laboratories, Mumbai. The activity of the enzyme was measured by Filter Paper assay and expressed in terms of Filter Paper Units, FPU
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. The enzyme activity was found to be 6 FPU/mg and it was used throughout the experimentation. Enzymatic hydrolysis assays are done for pre-treated cellulosic hydrolysate of Prosopis juliflora along with cellulase was suspended in 0.05 M citrate phosphate buffer (pH 5.0)
Simultaneous Saccharification and Fermentation (SSF)
SSF utilises both enzyme and fermenting organism in a single step that enables sugar production and fermentation into bioethanol in one reactor. SSF was carried out under aerobic conditions in a 250 ml shake flask with working volume of 50 ml containing 0.05 M citrate phosphate buffer (50 mmol/l, pH 5) with pretreated substrate which is supplemented with nutrients (g/l): yeast extract 0.5, Peptone 0.5, potassium dihydrogen phosphate 0.1. The slurry was then autoclaved at 121°C for 20 min. In addition, a dosage of commercial cellulase with 12 FPU/g of substrate and 1 ml of inoculum (OD is 0.6 at 680 nm) was loaded into the substrate mixture and operated under controlled conditions with an agitation speed of 120 rpm. A quantity of 0.005% sodium azide was introduced to avoid any microbial contamination and 1.0% (v/v) of Tween 80 was added to facilitate the enzymatic action. Samples were withdrawn from SSF media at preset times (0, 12, 24, 36, 48, 60, 72, 84, 96 hrs), centrifuged (10,000 rpm, 10 min) and analysed for reducing sugar and ethanol by DNS method and gas chromatography (GC) technique respectively. This method is carried out for different values of pH, temperature, substrate concentration and inoculum volume in order to estimate the optimised value for bioethanol production.
Analytical methods Composition of woody stem Prosopis juliflora
The composition of components in woody stem Prosopis juliflora such as cellulose, hemicellulose, lignin, ash, glucose, fructose, xylose, arabinose were determined using HPLC BioRad Aminex HPX-87H column eluted with 0.01 M sulfuric acid at a flowrate of 0.6 ml/min with refractive index detector.
Reducing sugar
The concentration of reducing sugars was estimated from pre-treated hydrolysate by Di-Nitro Salicylic Acid (DNSA) method 12 .
Cell density
Biomass concentration of Kluyveromyces marxianus was measured turbidiometrically at 680 nm. Fermented broth was diluted ten times using sterile distilled water and the turbidity was detected using UV-VIS Spectrophotometer (Systronic India Private Limited). 
Dry biomass concentration
Biomass concentration in dried conditions was carried out by taking 10 ml of culture sample, centrifuged at 10,000 g for 10 min. Supernatant was discarded and dried to a constant mass at 100°C.
Ethanol determination
The concentration of cellulosic ethanol was estimated by GC (Perkin Elmer, Clarus 500) with an elite-wax (cross bond-polyethylene glycol) column (30.0 m × 0.25 mm) at oven temperature 
RESULTS AND DISCUSSION
The substrate which was subjected to two types of treatment processes were analysed. The combination process followed by sonication gave maximum content of cellulose (49±0.7) and hemicellulose (24±0.1) and lesser content of lignin (18±0.66). The holocellulose content was found to be better than the reported value 13 . Acid pre-treatment is done by concentrated or diluted acids (usually between 0.2% and 2.5% v/v) at temperatures between 130 °C and 210 °C. Sulfuric acid is extensively used for acid pretreatment when compared to hydrochloric acid, nitric acid and phosphoric acid 14 .
In the current study nitric acid (3% v/v) was used which gave 75% of reducing sugar concentration at 70°C with mild charring and when the temperature was increased to 90°C complete charring occurred, unlike sulphuric acid getting charred at 70°C 14 . The combination process followed by sonication of woody stem Prosopis juliflora was found to contain 35.5g/l cellulosic hydrolysate which is subjected for Simultaneous Saccharification and Fermentation using pure cellulase enzyme and thermo tolerant yeast Kluyveromyces marxianus..
The cellulosic hydrolysate of bark of Prosopis juliflora was subjected to SSF process along with cellulase enzyme and thermo tolerant yeast Kluyveromyces marxianus by varying the concentration of the substrate (3%, 5% and 7% w/v). The consumption of sugars was observed initially during 12 hours but the growth and metabolism of the organism was found to increase steadily after 20 hours. In case of 5.0% (w/v) substrate concentration, at 48 hours of incubation period 60% (12.25 g/l) of reducing sugar has been converted into 12.75 g/l of bioethanol with a biomass concentration of 6.25 g/l. The maximum bioethanol concentration achieved was 21.45g/l at around 96hrs of incubation. As substrate concentration is increased further to 7.0% (w/v), it decreases the yield from hydrolysis due to bioethanol inhibition and extent of substrate inhibition depends on ratio of substrate to cellulase loaded. Increased bioethanol production at lower substrate concentration would be due to lower glucose accumulation by the end of fermentation process 15 .
For the optimum concentration of substrate at 5%(w/v), the pH (4.6, 4.9, 5.2 and 5.5) was varied. The bioethanol concentration increased steadily after 24 hrs of incubation wherein at around 60 hours of culture the bioethanol concentration and biomass concentration has reached up to 75% (17.25 g/l, 7.45g/l) of the total concentration for an optimum pH of 4.9 whose substrate concentration was about 25-30% (9.25 g/l) of the initial condition. The maximum bioethanol concentration achieved was 21.25g/l at around 96hrs of incubation. When pH of the medium increases to 5.5 or decreases to 4.6, it affects the enzymatic hydrolysis during Simultaneous Saccharification and Fermentation process leading to decrease in the production of bioethanol. The use of ricotta whey in the production of bioethanol by SSF process in the presence of Kluyveromyces marxianus CCT 7735 (UFV-3) has yielded 49.65 g/l of bioethanol at a pH of 5.0. When pH is increased to 5.5 or 4.5 the bioethanol production is significantly low 1 . The pre-treated woody biomass Prosopis juliflora when subjected to Simultaneous Saccharification and Fermentation using cellulase enzyme and thermo tolerant yeast Kluyveromyces marxianus was performed with varying temperature (33°C, 37°C, 41°C and 45°C). The concentration of bioethanol and biomass intensified after 24 hours of incubation time wherein at 48 hours it reported 60% (12.55 g/l and 6.5 g/l) of the total concentration for an optimum temperature 41°C. The maximum bioethanol concentration achieved was 21.30g/l at around 96hrs of incubation. The optimal temperature for enzymatic hydrolysis and fermentation are specific, temperature becomes a limiting factor for SSF. The maximum bioethanol obtained from taro waste using K. marxianus K21 at 40°C was found to be 43.46 g/l but, as temperature escalated to 50°C the bioethanol production dropped down to 19.15g/l. It clearly states that though Saccharification takes place at around 50°C effectively, bioethanol production declines at this temperature due to accumulation of glucose during SSF process eventually leading to death of yeast under high temperature 16 . The delignified biomass of Prosopis juliflora was exposed to Kluyveromyces marxianus in the presence of cellulase enzyme by SSF process and inoculum concentrations were varied (1%,3% and 5% (v/v)). During initial stages of fermentation, organism utilises the sugars and generates good amount of biomass. After 48 hours of incubation time the bioethanol and biomass concentration intensifies to 60 % (11.75g/l and 5.35 g/l ) of total concentration for an optimum inoculum concentration of 3%(v/v). Maximum bioethanol concentration was found to be 21.30 g/l at around 96 hrs of incubation. The production of bioethanol from carob fruit extracts using Saccharomyces cerevisiae was found to be around 42g/l for an inoculum concentration of 3%(v/v) 17 . Bioethanol production from waste potato mash using Saccharomyces cerevisiae was found to be around 27g/l for an inoculum concentration of 3%(v/v) 18 .
CONCLUSION
The bark of Prosopis juliflora would be a promising alternative lignocellulosic material in the production of bioethanol. The combination of autohydrolysis coupled with nitric acid pretreatment has given a wide variety of information wherein the exposure of cellulose for enzymatic hydrolysis is commendable. Though the yield of bioethanol by using Kluyveromyces marxianus found to be low, it can survive at high temperatures as well as in low pH. However Saccharomyces cerevisiae yields better bioethanol for 3% inoculum concentration but cannot with stand high temperatures (>45°C) or (pH d"5.0) In case of SSF operation, Kluyveromyces marxianus would a gifted organism in the production of bioethanol.
